1. Introduction {#sec1-pharmaceuticals-13-00166}
===============

COVID-19 (corona virus disease 2019) was first officially registered in China in December 2019 and it is one of the most widespread and aggressive infection along with SARS (severe acute respiratory syndrome) and MERS (Middle East respiratory syndrome) \[[@B1-pharmaceuticals-13-00166],[@B2-pharmaceuticals-13-00166]\]. According to the COVID-19 open datasets (e.g., Kaggle COVID-19 Dataset) by July 2020, there were more than 14.5 million confirmed COVID-19 cases and a mortality rate of 608,000 worldwide. In 2002, approximately 8000 people were infected by SARS-CoV (severe acute respiratory syndrome-related coronavirus) in Guangdong province in China with a mortality rate of 10%. In 2012, the second infection outbreak was caused by MERS-CoV \[[@B3-pharmaceuticals-13-00166]\]. Those three coronaviruses SARS-CoV, MERS-CoV, and SARS-CoV-2 caused dry cough, distress, myalgia, and headache. Patients with severe disease developed marked severe acute respiratory syndrome and respiratory distress syndrome (ARDS) \[[@B4-pharmaceuticals-13-00166],[@B5-pharmaceuticals-13-00166],[@B6-pharmaceuticals-13-00166],[@B7-pharmaceuticals-13-00166],[@B8-pharmaceuticals-13-00166]\]. The immune system plays an important role in the fight against viral infection. However, an excessive immune response can lead to a systemic inflammatory reaction, organ disorders, and multiple organ failure (MOF) ([Figure 1](#pharmaceuticals-13-00166-f001){ref-type="fig"}). An excessive or aberrant immune response can mediate the development of atypical pneumonia. This connection is proved by the fact that the grade of respiratory distress increases in spite of the decline of the viral load \[[@B9-pharmaceuticals-13-00166]\]. In addition, the progression of ARDS is associated with the increase of circulating inflammatory mediators that induce such dangerous COVID-19 complications as a systemic inflammatory response and sepsis-like conditions \[[@B10-pharmaceuticals-13-00166],[@B11-pharmaceuticals-13-00166],[@B12-pharmaceuticals-13-00166]\]. At the advanced stages of the disease, patients may develop pulmonary failure and MOF with acute liver and kidney dysfunction, hypoxic encephalopathy, disseminated intravascular coagulation/thromboembolic disease (DIC), and septic shock. The development of these complications is closely associated with fatal outcomes in COVID-19 patients. Therefore, this infection can cause both ARDS and systemic inflammatory reactions that lead to MOF. The "cytokine storm," which can induce a systemic inflammatory response, virus-associated sepsis, inflammatory lung disorders such as pneumonitis or ARDS, shock, and organ or MOF plays a significant role in the COVID-19 pathogenesis, which is similar to that shown for SARS and MERS ([Figure 1](#pharmaceuticals-13-00166-f001){ref-type="fig"}). Another symptom of a severe coronavirus infection is lymphopenia, which can become critical at the advanced stages of the disease \[[@B13-pharmaceuticals-13-00166],[@B14-pharmaceuticals-13-00166]\].

So far, no effective specific antiviral treatment for COVID-19 has been presented. Therefore, supportive therapy that relieves the symptoms and maintains functions of many organs can be especially helpful. Antiviral agents such as Oseltamivir, Arbidol, Lopinavir/Ritonavir, and Interferon-α demonstrated a certain effect in mono- or combination therapy. However, glucocorticoid therapy aimed at curbing the "cytokine storm" did not show any registered clinical effect. Immunoglobulin therapy has also shown low effectiveness. Thus, identifying high-risk population and/or starting treatment as soon as possible are crucial for reducing the death rate.

According to the MEDLINE database (PubMed) in 2020 (as of July 2020), there were more than 150 clinical trials and reviews published that described the immune system disorders, which are the major part of the coronavirus pathogenesis, in COVID-19 patients.

However, the immune mechanisms that induce a systemic inflammatory response, organ failure, and multiple-organ failure in patients with COVID-19 are still unknown. Thus, a better understanding of the immune disease pathogenesis is of ultimate importance for providing the scientific basis to achieve the effective treatment of the infection. We thematically focus on the immunopathogenesis of COVID-19 and related CoVs, clinical studies, and prognostic immunological markers as well as current and prospective immunotherapeutic strategies.

2. COVID-19 in Cancer Patients {#sec2-pharmaceuticals-13-00166}
==============================

It is assumed that COVID-19 infection implies an increased risk for cancer patients, especially those who have recently received chemotherapy, radiotherapy, and immunotherapy \[[@B15-pharmaceuticals-13-00166]\]. Liang W. et al. \[[@B16-pharmaceuticals-13-00166]\] demonstrated that cancer patients had a higher risk of developing severe complications of coronavirus infection, which require invasive ventilation as well as a higher mortality rate, compared with non-cancer patients. In addition, patients who received chemotherapy or surgery within a month had a higher risk of developing a severe disease, compared to cancer patients who did not receive anti-tumor treatment. Similar data were received in a retrospective multicenter study that included 67 cancer patients with COVID-19 from hospitals in Wuhan, Hubei province, China. The study showed that a larger part of cancer patients with COVID-19, as compared to non-cancer patients, developed severe disease and had a poor prognosis. The tendency for poor prognosis was more clear in patients during the course of anti-tumor treatment \[[@B17-pharmaceuticals-13-00166]\]. Hospitalization and repeated hospital visits were also found to be a potential risk factor for developing COVID-19 \[[@B18-pharmaceuticals-13-00166]\]. On the whole, 48--54% of cancer patients were at a higher risk of severe events and from 5.6% to 29% of cases were at risk of death \[[@B19-pharmaceuticals-13-00166]\]. Yet, it is interesting to note that patients with lung cancer did not have a higher risk of severe complications when compared to other cancer types. Cancer patients receiving immunotherapy with checkpoint inhibitors may also have an increased risk of severe complications of coronavirus infection as a result of immune-mediated events caused by the "cytokine storm". This observation demonstrates the similarity of the mechanisms of immune dysfunctions, which results from COVID-19 complications and anti-tumor therapy with immune checkpoint inhibitors (ICI) \[[@B20-pharmaceuticals-13-00166]\]. However, the susceptibility to bacterial or viral infections in cancer patients with ICI therapy has not been studied widely enough. On the one hand, unlike chemotherapy, ICI immunotherapy can reconstitute cell immunity competence \[[@B21-pharmaceuticals-13-00166]\]. However, on the other hand, there are concerns about ICI treatment of patients with COVID-19 since ICI-induced pneumonitis can exacerbate viral pneumonia. The effects of over-production of ICI-induced inflammatory mediators and viral infection are likely summed up, which can lead to fatal consequences \[[@B22-pharmaceuticals-13-00166]\]. It is also assumed that adoptive immunotherapy by genetically modified CAR-T cells (chimeric antigen receptor T cells) increases the risk of a poor outcome in cancer patients with COVID-19, while taking into account the fact that the "cytokine storm" is a frequent unfavorable effect of CAR-T cell therapy \[[@B23-pharmaceuticals-13-00166]\]. Immunodeficiency that occurs in children with cancer receiving antitumor treatment may present potential risks of severe COVID-19 complications. However, a few reported cases of COVID-19 in children receiving anti-tumor treatment were described as asymptomatic or displayed mild symptoms \[[@B24-pharmaceuticals-13-00166]\]. Moreover, some data showed that patients, which include both adults and children with suppressed immune systems as a result of developing malignancies, antitumor therapy, and transplantation, achieved a favorable effect in treating COVID-19 when compared to patients with other concomitant diseases. Such results can be explained by the lack of overexpression of the inflammatory reactions due to the suppressed immune response, which determines the weak manifestation of the disease caused by SARS-CoV-2 \[[@B25-pharmaceuticals-13-00166]\].

Despite the rare combination of cancer and COVID-19 in children, it is worth paying closer attention to two patient groups---children in the first year of life and children with acute lymphoblastic leukemia (ALL) who are receiving supportive therapy. Limited follow-up experience registered lethal outcomes in both groups. Probably, these poor results were determined by severe immune dysfunction, which was caused, on the one hand, by the age-related immaturity of the immune system and, on the other hand, by the failure of the lymphocytic arm of the immunity. Italy has its peculiar experience in the treatment of children with cancer and following hematopoietic stem cell transplantation with concomitant coronavirus infection. Thus, Balduzzi A. et al. described a relatively mild course of COVID-19 in children with acute lymphoblastic leukemia, osteosarcoma, and rhabdoid tumor \[[@B26-pharmaceuticals-13-00166]\]. The patients included in the study had a standard risk of the disease. Therefore, the authors made a conclusion of mild COVID-19 infection in this cohort \[[@B26-pharmaceuticals-13-00166]\]. The study of Liang W. et al. analyzed 18 patients with COVID-19 and a history of cancer \[[@B16-pharmaceuticals-13-00166]\]. The authors demonstrated a more severe course of COVID-19 in cancer patients and, as a result, a worse outcome of the disease. Different scientific articles describe general measures of prevention and treatment of COVID-19 in children with cancer, which correspond to those recommended for the anti-infectious treatment of general population \[[@B27-pharmaceuticals-13-00166]\]. However, the authors suggest continuing the therapy as complete as possible, but refraining from intensive chemotherapy and especially immunotherapy for children with cancer in remission.

3. Lymphopenia---As a Prognostic Marker for the Severity of COVID-19 and Immunosuppression {#sec3-pharmaceuticals-13-00166}
==========================================================================================

Lymphopenia indicates the grade of the disease progression. It was registered in 85% of patients with COVID-19 in the critical condition, which provides the most significant prognostic value regarding other laboratory test characteristics \[[@B28-pharmaceuticals-13-00166]\]. The predicting parameter may be considered either relative or an absolute number of lymphocytes in the peripheral blood. The relative lymphocyte number in patients with severe viral intoxication went down to 5% within two weeks after the onset of the disease and increased to about 10% while recovering. However, patients with moderate intoxication had only minor deviations of this parameter \[[@B29-pharmaceuticals-13-00166]\]. The declining relative number of lymphocytes to levels lower than 20% patients with COVID-19 within the first 10--12 days of the disease is considered an unfavorable prognostic factor, and a decrease in lymphocytes below 5% is associated with a high risk of death and these patients need intensive therapy. Patients in the intensive care units had an average lymphocyte count of 800 cells/µL. In severe cases, the absolute lymphocyte number fell dramatically to 100 cells/µL \[[@B30-pharmaceuticals-13-00166],[@B31-pharmaceuticals-13-00166]\]. As a rule, persistent and severe lymphopenia was observed in deceased patients in contrast to those who recovered. These data suggest that intoxication with COVID-19 leads to disorders of the immune status of patients, which causes immunosuppressive conditions and can result in immune paralysis. Though the majority of patients with coronavirus had lymphopenia, they had no significant changes in the neutrophil count in the blood. The enhanced ratio of neutrophils to lymphocytes (N/L) was observed in patients with severe grade of the disease and lymphopenia, which is considered a clear marker of systemic inflammation. Thus, in patients with sepsis, a high N/L ratio correlated with the severity of the disease by the APACHE II scale and the 28-day mortality rate \[[@B32-pharmaceuticals-13-00166]\]. These data suggest that the increased N/L ratio is associated with a poor outcome in patients with COVID-19.

Patients with COVID-19, especially with the severe events, developed lymphopenia mainly as a result of decreasing CD4^+^Th (T helper) cell number. However, CD8^+^T-cell and B-cell numbers showed no significant change. Marked lymphopenia was associated not only with the reduced CD3^+^ CD~4~^+^T-cell numbers, but also with the inhibition of their differentiation to effector memory cells from naive CD4^+^ T-cells, which play a particularly important role in the adaptive anti-infectious immunity. It is well known that the balance between naive CD4^+^ Th cells and memory T-cells is crucial for developing an effective immune response \[[@B33-pharmaceuticals-13-00166]\]. Patients with severe COVID-19 had a decreased T-regulatory (Treg) cell number, which play a key role in attenuating the excessive inflammatory response to viral infection \[[@B34-pharmaceuticals-13-00166],[@B35-pharmaceuticals-13-00166],[@B36-pharmaceuticals-13-00166]\]. The authors report that, in patients with COVID-19, they observed the enhanced expression of T-cell activation markers such as CD69 and CD38 that play an important role in clonal expansion of lymphocytes and production of various cytokines including pro-inflammatory ones \[[@B37-pharmaceuticals-13-00166],[@B38-pharmaceuticals-13-00166],[@B39-pharmaceuticals-13-00166]\]. In particular, the previous studies have found that activated T-lymphocytes have the increased production of IL-2, IFN-γ, and high levels of intracellular cytokines, such as IL-6 and GM-CSF (granulocyte-macrophage colony-stimulating factor), which play the major role in the induction of the "cytokine storm" in coronavirus infections \[[@B40-pharmaceuticals-13-00166],[@B41-pharmaceuticals-13-00166],[@B42-pharmaceuticals-13-00166],[@B43-pharmaceuticals-13-00166]\]. On the other hand, some authors showed that Treg cells expressing activation markers CD38 and CD69 were characterized by increased suppressor activity and, therefore, enhanced IL-10 production as compared to naive Tregs \[[@B44-pharmaceuticals-13-00166]\]. Similar to the conditions in patients with sepsis, the decrease of HLA-DR expression on CD14^+^ monocytes, which downregulates their antigen-presenting function and prevents induction of the adaptive immune response, represents an indication of the severe immunosuppressive conditions that lead to immune paralysis in patients with COVID-19 \[[@B45-pharmaceuticals-13-00166]\].

These data demonstrate the dysregulation of the immune reactions in patients with COVID-19 at the critically severe stage that emerge as excessive production of both pro-inflammatory and suppressive bio-regulators, which mostly determine the immune pathogenesis of the infection ([Figure 1](#pharmaceuticals-13-00166-f001){ref-type="fig"}).

4. Cytokine Storm {#sec4-pharmaceuticals-13-00166}
=================

Cytokines and chemokines are especially important factors for down-regulation or up-regulation of the immunity and immunopathology in viral infections \[[@B46-pharmaceuticals-13-00166]\]. Although there is no direct evidence of pro-inflammatory cytokines and chemokines in lung pathology of patients with coronavirus infection, changes in laboratory test results, such as elevated serum levels of cytokines and chemokines in the infected patients, correlated with the disease severity grades and poor outcome, which reveals the role of excessive inflammatory reactions in the COVID-19 pathogenesis \[[@B47-pharmaceuticals-13-00166]\]. In particular, circulating IL-6 levels are closely associated with the severity of COVID-19. Elevated IL-6 concentrations were observed in patients with severe respiratory distress syndrome. Ulhaq ZS et al. \[[@B48-pharmaceuticals-13-00166]\] performed a meta-analysis of nine studies and showed that, despite the heterogeneity of the included cohorts, IL-6 levels were significantly higher in patients with severe events compared to patients with mild or moderate grades of the disease severity. Excessive IL-6 production, as shown before, leads to inhibition of the HLA-DR (human leukocyte antigen -- DR isotype) surface expression on CD14^+^ monocytes \[[@B49-pharmaceuticals-13-00166]\]. Likely, the same processes occur in patients with COVID-19 and, thus, IL-6 overproduction mediates low HLA-DR expression on CD14^+^ monocytes.

The enhanced concentrations of the soluble receptors to IL-2, IL-8, IL-10, and TNF-α (tumor necrosis factor alpha) were registered in addition to the increased levels of IL-6 in serum \[[@B47-pharmaceuticals-13-00166]\], while IL-1β was not determined in most patients \[[@B12-pharmaceuticals-13-00166]\]. C. Huang et al. studied cytokines and chemokines in patients with COVID-19 and showed that higher concentrations of IL-2, IL-7, IL-10, G-CSF (granulocyte colony-stimulating factor), IP10 (INF-γ-inducible protein 10), MCP1 (monocyte chemo-attractant protein 1), MIP1A (macrophage inflammatory protein 1 alpha), and TNF- α were registered in the plasma of patients with severe grades of infection \[[@B50-pharmaceuticals-13-00166]\]. Zhou Y. et al. \[[@B41-pharmaceuticals-13-00166]\] analyzed the immune parameters of patients with COVID-19, especially those with severe infection and poor outcome, and showed that they also had elevated serum concentrations of inflammation-related cytokines including IL-2, IL-7, IL-10, G --CSF, IP10, MCP1, MIP1A, and TNF-α. Some authors mentioned about over-production of other mediators of inflammation such as IL-12, IL-13, IL-17, IFN-γ, MCP1, hepatocyte growth factor (HGF), TNF-α, and vascular endothelial growth factor (VEGF) \[[@B51-pharmaceuticals-13-00166]\].

An excessively activated immune response could be caused by pathogenic GM-CSF+Th1 cells and by the induced or inflammatory CD14^+^ CD16^+^ monocytes/macrophages, which play an important role in pulmonary immunopathology and systemic inflammatory reaction in patients with COVID-19. The enhanced levels of pro-inflammatory bio-regulators in the infected patients led to activating Th1 pathway of the cell immune response. However, COVID-19 infection also initiated increased secretion of Th2 cytokines such as IL-4 and IL-10 \[[@B52-pharmaceuticals-13-00166]\]. Thus, these results demonstrate that determining the rates of circulating cytokines, and, in particular, IL-6 and GM-CSF, may be of ultimate importance for prognosis of the disease progression in patients with COVID-19. In addition, inflammatory mediators are potential targets for the anti-infectious therapy of COVID-19.

5. Immunopathogenesis of Acute Respiratory Distress Syndrome and Systemic Inflammatory Response Including Macrophage Activation Syndrome {#sec5-pharmaceuticals-13-00166}
========================================================================================================================================

At the first stage of viral infection and in the course of the entire infectious process, the virus clearance involves innate immune effectors, NK (natural killer) cells, and γδT-cells that can recognize and lyse virus-infected cells skipping the stage of antigen presentation as well as recruiting neutrophils, monocytes, and macrophages to the infection-related site via cytokine and chemokine production ([Figure 1](#pharmaceuticals-13-00166-f001){ref-type="fig"}). On the one hand, the attraction of various innate immune cells to the infection site provides virus elimination and triggers the adaptive immune reactions by antigen presentation. However, these immunocytes can have a secondary damaging effect, which releases a large number of active mediators and reactive oxygen species. The active mediators and reactive oxygen species destroy not only virus-infected cells but also the adjacent intact cells ([Figure 1](#pharmaceuticals-13-00166-f001){ref-type="fig"}).

Excessive production of bioactive molecules can induce a systemic inflammatory response, organ failure, and MOF, and cause immunosuppression as a result of lymphocyte apoptosis. Along with that process, the developing lymphopenia, mainly as a result of Th cell activity, prevents the generation of an adaptive immune response while virus elimination by the innate immune effectors is ineffective because of their non-specific mechanism of action. The increased IL-6 level additionally impairs natural killer (NK) functions \[[@B53-pharmaceuticals-13-00166]\].

The symptoms of COVID-19 in the infected patients range from fever, headache, fatigue, etc. to DIC-syndrome, shock, and MOF. The development from mild to severe disease in patients with COVID-19 may be caused by a "cytokine storm", which is mainly determined by macrophage activation. Macrophages are key producers of cytokines including IL-6 and other inflammatory mediators in response to viral infections that induce "cytokine storm" and systemic inflammatory reactions \[[@B54-pharmaceuticals-13-00166]\]. Macrophage activation syndrome (MAS) is described in detail for patients with autoimmune diseases such as juvenile idiopathic arthritis and systemic lupus erythematosus \[[@B55-pharmaceuticals-13-00166]\].

Patients who develop MAS have a rapid onset of fever, cytopenia, coagulopathy, increased transaminases, and MOF, i.e., the clinical picture is similar to the intoxication caused by COVID-19. One of the main MAS symptoms is hemo-phagocytosis, which is absorption of blood cells, including erythrocytes, leukocytes, or platelets in the bone marrow by liver and spleen CD163^+^ macrophages and/or histiocytes expressing the highly affine scavenger-receptor complex hemoglobin-haptoglobin \[[@B56-pharmaceuticals-13-00166]\]. Soluble alpha chain of IL-2 receptor (sCD25) and sCD163 in the serum are the symptoms of hemophagocytosis \[[@B57-pharmaceuticals-13-00166]\]. One of the macrophage activation syndrome manifestations is a high level of inflammatory mediators, such as IL-6, IL-1β, IL-18, and IFN-γ \[[@B58-pharmaceuticals-13-00166],[@B59-pharmaceuticals-13-00166]\]. The examination of patients with MAS revealed inflammatory infiltrates consisting mainly of activated T-lymphocytes and macrophages or histiocytes that engulf normal hematopoietic cells \[[@B60-pharmaceuticals-13-00166]\]. Hemophagocytic lymphohistiocytosis or MAS in patients with autoimmune diseases is a severe complication and is characterized by a sepsis-like clinical picture \[[@B61-pharmaceuticals-13-00166]\]. Historically, the gold standard for MAS treatment has been glucocorticoids, immunoglobulins, and cyclosporin. However, despite the intensive therapy, the mortality rate of these patients reaches 20% \[[@B62-pharmaceuticals-13-00166]\]. MAS or hemophagocytic syndrome develops in cases of severe viral infections with fever. In particular, hemo-phagocytosis was observed in Dengue fever with MOF syndrome and Epstein-Barr virus induced infection. MAS manifestation in viral infections is detected as a systemic inflammatory reaction resulting from excessive activation of lymphocytes and macrophages. Uncontrolled immune over-activation is associated with a high temperature, cytopenia, coagulopathy, and increased sCD25 and sCD163 serum levels \[[@B63-pharmaceuticals-13-00166],[@B64-pharmaceuticals-13-00166]\]. The symptoms of hemo-phagocytosis by giant multinuclear macrophages were registered in patients with weak immunity, which is susceptible to pneumonia caused by various viral infections \[[@B65-pharmaceuticals-13-00166]\]. Giant macrophages and hyperplastic pneumocytes were found in patients with SARS and diffuse alveolar lung impairment. Such giant cells were not found in the lung biopsy samples of patients at the terminal stage and were detected only when the disease was progressing for more than eight days \[[@B66-pharmaceuticals-13-00166]\]. The events of hemophagocytosis by macrophages in the lungs and the atrophy of the white pulp of the spleen were revealed in patients with SARS. The same morphological changes were also observed in patients with the H5N1 influenza with poor prognosis in 1997. The researchers considered that hemo-phagocytosis was caused by cytokine dysregulation in H5N1 influenza pneumonia \[[@B4-pharmaceuticals-13-00166],[@B67-pharmaceuticals-13-00166],[@B68-pharmaceuticals-13-00166]\]. Similar morphological changes in the lungs were found by Chinese researchers in biopsy samples of patients with COVID-19. The authors noted the infiltration of lung tissue by CD~68~^+^ macrophages \[[@B69-pharmaceuticals-13-00166]\]. Rossi F. et al. reported that all patients with COVID-19 and symptoms of severe respiratory failure (SRF) developed excessive inflammatory reactions with signs of immune dysregulation or MAS after M1 macrophage activation by pro-inflammatory mediators \[[@B70-pharmaceuticals-13-00166]\]. However, more information is required to clarify the role of M1 and M2 macrophage subpopulations.

Many doctors consider intoxication associated with severe COVID-19 as a sepsis-like condition, which is similar to the process associated with bacterial pneumonia with a fatal outcome \[[@B71-pharmaceuticals-13-00166]\]. However, some authors suggest that COVID-19 has a unique pattern of immune dysfunction, which manifests as lymphopenia, higher C-reactive protein levels, and increased D-dimers that represent the imbalance between pro-inflammatory and anti-inflammatory cytokines and, perhaps, this is what distinguishes this infection from classic sepsis \[[@B72-pharmaceuticals-13-00166]\]. However, immune dysregulation in classic sepsis in critically ill patients also manifests as MAS and a "cytokine storm" \[[@B73-pharmaceuticals-13-00166]\]. Additionally, sepsis-induced immuno-paralysis is characterized by lymphopenia, mainly through CD4^+^ T-lymphocytes \[[@B74-pharmaceuticals-13-00166],[@B75-pharmaceuticals-13-00166]\], which makes it possible to consider severe COVID-19 intoxication as a sepsis-like syndrome or viral sepsis.

6. Perspective Approaches for Treating the "Cytokine Storm" and Immunosuppressive Conditions {#sec6-pharmaceuticals-13-00166}
============================================================================================

Due to the large number of cytokines induced by SARS-CoV (severe acute respiratory syndrome coronavirus) and MERS-CoV (Middle East respiratory syndrome coronavirus) infections, corticosteroids have often been used to treat patients with severe diseases to diminish lung parenchyma impairment resulting from an excessive inflammatory reaction. However, the accumulated data suggest that, in patients with SARS and MERS, corticosteroids did not have any impact on the mortality rate, but rather slowed down the virus clearance \[[@B54-pharmaceuticals-13-00166]\]. COVID-19 patients with ARDS and MOF have elevated levels of IL-6 and C-reactive protein, which are characteristic indications of these severe conditions \[[@B53-pharmaceuticals-13-00166]\]. Novi G. et al. \[[@B76-pharmaceuticals-13-00166]\] described a case of COVID-19 in a patient with systemic scleroderma associated with B-cell depletion caused by Ocrelizumab therapy. The patient had no serious complications connected with the condition of the induced immunosuppression. The authors suggested that B-cell depletion could have played a beneficial role as a result of the decreased IL-6 production, generally released by peripheral B-cells.

The available data present the potential effect of IL-6 and IL-6-receptor blocking antibodies to combat the "cytokine storm" \[[@B77-pharmaceuticals-13-00166],[@B78-pharmaceuticals-13-00166]\]. Thus, Tocilizumab (TCZ), which is a recombinant humanized IL-6 receptor monoclonal antibody, has been recommended for treating patients with COVID-19 at risk of a "cytokine storm." TCZ has demonstrated efficacy in treating a steroid-resistant cytokine release syndrome in cancer patients treated with immune checkpoint inhibitors \[[@B79-pharmaceuticals-13-00166]\]. IL-6 is one of the most significant cytokines involved in the COVID-19-induced "cytokine storm." For this reason, TCZ is recommended for severely ill patients infected with a new coronavirus infection with elevated IL-6 levels \[[@B80-pharmaceuticals-13-00166]\]. Clinical results of the studies in small cohorts showed that TCZ could be proposed as a promising therapeutic strategy for severely and critically ill patients with COVID-19. Nevertheless, more controlled studies are necessary to evaluate the reliable clinical efficacy of Tocilizumab in patients with COVID-19 infection. In addition, it should be taken into account that immune suppressive agents, such as corticosteroids or JAK inhibitors (Janus kinase inhibitors) used for suppression of the excessive inflammatory reaction, may increase the immunosuppressed patient's condition and lead to inhibition of antiviral and antimicrobial immunity \[[@B81-pharmaceuticals-13-00166],[@B82-pharmaceuticals-13-00166]\]. The in vitro studies showed that the immune suppressive JAK inhibitor Tofacitinib inhibited the IFN-α production \[[@B83-pharmaceuticals-13-00166]\]. Suppression of the interferon or other mediators (e.g., IL-6) may also mediate the development of the secondary bacterial infection along with the immune suppression \[[@B84-pharmaceuticals-13-00166]\]. Therefore, the use of immunosuppressive agents in critically ill patients with COVID-19 to decrease the inflammatory reactions should be carefully worked out considering possible inhibition of antimicrobial immunity.

Methods of extracorporeal blood purification therapy are effective for eliminating inflammation mediators in sepsis and a systemic inflammatory response syndrome \[[@B85-pharmaceuticals-13-00166]\]. The effectiveness of this approach was demonstrated in two patients with COVID-19 who underwent plasma exchange and CRRT (continuous renal replacement therapy) with an oXiris ^®^ hemofilter and a modified AN69 surface-treated membrane with adsorption capacity. The authors noted the decrease of IL-6 and the C-reactive protein after the procedure and improvement of the patients' general health status \[[@B86-pharmaceuticals-13-00166]\]. Another study evaluated CRRT effect performed in five patients before they were registered as COVID-19 positive. The authors suggested that CRRT played an essential part in treating COVID-19 with chronic renal disease. If the symptoms of acute kidney injury appear, potential interventions, including CRRT, should be used to protect renal function as early as possible \[[@B87-pharmaceuticals-13-00166]\]. According to the researchers, CRRT can have a therapeutic effect on COVID-19 intoxication by removing potentially harmful toxins and stabilizing the patient's metabolic and hemodynamic status \[[@B88-pharmaceuticals-13-00166]\]. Extracorporeal blood purification can eliminate inflammatory mediators and control the "cytokine storm" at an early stage of intoxication. However, randomized studies are required to prove the effectiveness of extracorporeal blood purification.

Mesenchymal stem cells (MSCs) can alter the cytokine secretion profile of macrophages, dendritic cells, naive and effector T-cells (Th type 1 and 2), and natural killer cells (NKs), which induces an anti-inflammatory or tolerant phenotype. In particular, MSCs inhibited production by mature dendritic cells (DCs) of pro-inflammatory cytokines such as TNF-α and IFN-γ and boosted the secretion of anti-inflammatory cytokines such as IL-10 and IL-4. MSCs also had an impact on the enhancement of the suppressor subpopulation of Tregs in the peripheral blood \[[@B89-pharmaceuticals-13-00166],[@B90-pharmaceuticals-13-00166]\]. MSCs demonstrated promising effects in experimental ARDS model, which neutralizes the alveolar collapse, collagen accumulation, and cell apoptosis in the lung tissue. Several randomized phase 1 clinical trials confirmed the safety of MSCs obtained from various sources at a single dose of 1 million cells/kg to 10 million cells/kg in patients with ARDS of non-viral origin \[[@B91-pharmaceuticals-13-00166],[@B92-pharmaceuticals-13-00166],[@B93-pharmaceuticals-13-00166]\]. MSCs are considered as a potential therapeutic strategy for treating steroid-resistant MAS arthritis patients \[[@B94-pharmaceuticals-13-00166]\].

Clinical efficacy of peripheral blood MSCs was shown in patients with influenza A (H7N9) with ARDS. In particular, it was shown that the mortality rate was 17.6% in the group of patients who received MSCs versus 54.5% in the control group. The authors believe that these data demonstrated the potential of MSC-based therapy of patients with COVID-19 since the complications caused by these viruses have common mechanisms \[[@B95-pharmaceuticals-13-00166]\].

Other authors have recently published the results of a pilot study of seven patients with COVID-19-related pneumonia where they showed that clinical symptoms of all the patients improved significantly two days after MSCs transplantation. The study found the increased lymphocyte number in peripheral blood and the disappearance of activated subpopulations of CXCR3^+^ CD4^+^ T-cells, CXCR3^+^ CD8^+^ T-cells, and CXCR3^+^ NK-cells that secrete cytokines. The CD14^+^ CD11c^+^ CD11b^mid^ regulatory populations of DCs increased as well. TNF-α levels significantly decreased, while IL-10 levels increased in patients receiving MSCs compared to patients receiving standard therapy. Therefore, the authors concluded that MSCs would be safe and effective for treating patients with COVID-19 pneumonia, especially for patients with acute events \[[@B96-pharmaceuticals-13-00166]\].

So far, more than 60 clinical trials of various MSC variants in COVID-19 patients have been registered that shows growing interest in this therapeutic strategy.

One of the perspective treatments of COVID-19 patients is convalescent plasma transplantation. Previously, it was shown that a single infusion of convalescent plasma improved the condition of patients with viral infections such as Ebola, SARS, MERS, and influenza A (H1N9). Transfusion of the convalescent plasma resulted in the decrease of the viral load in the respiratory tract, decrease of serum cytokines, and decrease of the mortality rate in these patients \[[@B97-pharmaceuticals-13-00166],[@B98-pharmaceuticals-13-00166]\]. Transfusion of the convalescent plasma to patients with COVID-19 led to the decrease of viral load and improvement of respiratory failure as well. These results suggest that convalescent plasma transfusion may be beneficial in patients infected with SARS-CoV-2 \[[@B99-pharmaceuticals-13-00166]\]. However, the limited number of patients and the study design cannot establish the potential effectiveness of this treatment, and the reported observations require further evaluation in clinical trials.

The main therapy strategies for SARS-CoV-2 focus on the suppression of the excessive inflammatory reaction. However, an additional consequence of the "cytokine storm" is the development of the immunosuppression that manifests as progressing lymphopenia. Therefore, immune correction should be performed at a certain stage of disease progression to prevent immuno-paralysis and the joining secondary infections. Some concerns are connected with the assumption that immunotherapy in these patients with an over-inflammatory phase of the disease may promote the augmentation of the inflammatory response and exacerbation of the disease. However, the sepsis-like mode of the complications caused by COVID-19 allows the suggestion that cytokine therapy will contribute to normalization of the immune status and decline of secondary infections, which is similar to the immune-suppressive conditions developing with a systemic inflammatory response syndrome in serious trauma and sepsis \[[@B100-pharmaceuticals-13-00166],[@B101-pharmaceuticals-13-00166]\]. Similar results were received with IL-7 treatment of HIV-infected patients with generalized infection \[[@B102-pharmaceuticals-13-00166]\]. IL-15 also has a potential effect of immune correction. However, model experiments revealed the cytokine-related hepatotoxicity \[[@B103-pharmaceuticals-13-00166]\], and the data of clinical studies showed activation of NK cells and T-killers as well as fever, hypotension, and liver failure, which limits the prospects for IL-15 clinical use \[[@B104-pharmaceuticals-13-00166],[@B105-pharmaceuticals-13-00166]\].

Taking into account the pathogenesis of the induced excessive inflammatory immune suppressive reaction in SARS-CoV-2 patients, it seems reasonable to include regulatory cytokine IL-2 in the complex therapy, which is the cytokine that boosts lymphocyte proliferation and activation. Importantly, the regulation of cellular and humoral immunity results largely from IL-2 production. These theoretical assumptions are supported by the results of clinical studies of recombinant IL-2 in patients with immunosuppressive status associated with systemic inflammatory response syndrome caused by sepsis or serious trauma. Indications for immune correction therapy may be progressive lymphopenia (below 900 cells/µL) and a decrease of CD4^+^ Th cells \[[@B105-pharmaceuticals-13-00166]\].

Therefore, it is necessary to stratify patients on the basis of their immune status and prescribe individual immunotherapy, according to the indications.

Clinical trials of immuno-modifying agents did not register an unfavorable effect in patients with sepsis. The potential of the cytokine therapy for the correction of immunosuppressive status was demonstrated, particularly in case of the prolonged course of the disease \[[@B106-pharmaceuticals-13-00166]\].

7. Conclusions {#sec7-pharmaceuticals-13-00166}
==============

Dysregulation of the immune system plays an essential or even, which determines the role in the COVID-19 pathogenesis. At the initial stage, virus-infected lung tissue cells are recognized and destroyed by the innate immune effectors γδT-lymphocytes and NK (natural killer) cells ([Figure 1](#pharmaceuticals-13-00166-f001){ref-type="fig"}). These immune cells express Toll-like receptors (TLRs) that recognize pathogens and activate their effector functions such as cytotoxicity and cytokine production. It is well-established that TLRs recognize conservative pathogen structures, which initiate the innate immune response, and act as sensors for viral RNA. They are expressed by NK cells and γδT-cells as well as by antigen-presenting cells such as macrophages and DCs. The interaction of viral RNA and TLRs triggers signaling pathways that boost the production of cytokines involved in Th1 polarization of CD4^+^ Th cells and the induction of an adaptive immune response \[[@B107-pharmaceuticals-13-00166]\]. The experimental studies on the Chinese macaques showed that SARS-CoV-2 invades the respiratory mucosa and leads to local infiltration first by lymphocytes and, then, by CD163^+^ macrophages. The latter migrate to the lymphoid organs within three days while transporting not only the fragments of destroyed infected cells for antigen presentation but also viral particles in their vesicles. Therefore, macrophages perform their antigen-presenting function, which differentiate into DCs, and, simultaneously, contribute to the dissemination of the virus and the development of productive infection in lymphoid tissue and the systemic spread of infection \[[@B108-pharmaceuticals-13-00166]\]. Excessive activation of the innate immune cells and macrophages leads to cytokine over-production and the release of reactive molecules that affect not only virus-infected but also intact cells. MAS is a common reaction in severe coronavirus infections such as SARS, MERS, and COVID-19 that manifests as a "cytokine storm" and sepsis-like symptoms. MAS is characteristic of hemo-phagocytosis and the increase of IL-6 levels and IL-2 receptors, which is described in the above-mentioned viral infections. Since macrophages play an essential role in the induction of excessive inflammatory reaction, we may assume that, in a similar way, by following COVID-19 intoxication, gut-associated lymphoid tissue (GALT), which contains the largest macrophage and T-cell pools, contributes significantly to the developing "cytokine storm." Activation of GALT mononuclear cells in viral infections is associated with increased LPS (lipopolysaccharides) levels, which is also known as microbial translocation. LPS entering into the circulatory system increases the inflammatory cascade, which closes the vicious circle of the systemic inflammatory response syndrome \[[@B109-pharmaceuticals-13-00166],[@B110-pharmaceuticals-13-00166]\]. An exaggerated immune response can lead to generalized vascular permeability. The increased permeability of the vascular walls leads to plasma leakage and, along with blood over-coagulation, can induce DIC-syndrome (disseminated intravascular coagulation/thromboembolic disease syndrome).

Special attention should be paid to the population groups at risk, such as elderly patients and cancer patients with the initially marked symptoms of the immune system dysfunction. Thus, aging is associated with the impairment of the immune regulation, which is manifested as a pro-inflammatory condition characterized by high circulating levels of pro-inflammatory markers such as IL-1, antagonist protein of IL-1 receptor, IL-6, IL-8, IL-13, IL-18, C-reactive protein, IFN-α, IFN-β, TGF-β, TNF, its soluble receptors (members of the receptor superfamily TNF 1A and 1B), and amyloid A \[[@B111-pharmaceuticals-13-00166]\]. This condition, called "Inflammaging," can become persistent and long-lasting while building a chronic inflammatory reaction \[[@B112-pharmaceuticals-13-00166]\]. In case of such an immune status, the "cytokine storm" induced by COVID-19 can lead to fatal consequences. Cancer patients, in particular those in the postoperative period and receiving chemo/radiation therapy, have a high risk of COVID-19 infection. Anti-tumor immunotherapy by immune checkpoint inhibitors (ICI) or CAR-T cells (chimeric antigen receptor, CAR), associated with cytokine release syndrome, enhances the probability of the exaggerated systemic inflammatory response syndrome to COVID-19 intoxication. Therefore, there is a challenge for minimizing the risk of COVID-19 infection while achieving the desired effectiveness of cancer treatment.

Several aspects should be carefully analyzed, including the risk of relapse or disease progression, the estimated endpoints of the therapy, the comorbidities including other patients, and the impact of coronavirus transmission in the local community \[[@B113-pharmaceuticals-13-00166]\]. In order to meet these requirements, some suggestions can be considered, such as changing therapy regimens and limiting patients' visits to the hospital. In particular, some authors recommend less intensive treatment regimens in order to replace the Pembrolizumab regimen of 200 mg three-weekly by 400 mg six-weekly \[[@B114-pharmaceuticals-13-00166]\]. The main therapy strategies for COVID-19 are aimed at suppressing the over-inflammatory response. To achieve the effects, some studies used steroids, even though they showed no desired result. Others included IL-6 receptor inhibitors with a certain clinical effect in small cohorts of patients. Even though IL-6 is an important factor for the induction of the systemic inflammatory response syndrome, it is not the sole one, but a cascade of inflammatory mediators. Therefore, some methods for eliminating cytokines and bioactive molecules of a non-peptide nature can be recommended such as methods of extracorporeal blood purification that proved effective in the treatment of sepsis, including modern selective and non-selective sorbents. The rational for this approach is supported by the data on the clinical effectiveness of plasmopheresis and continuous renal replacement therapy (CRRT) with hemofilters of high sorption capacity. A promising approach for managing the "cytokine storm" can become allogeneic mesenchymal stem cells of the bone marrow or cord blood that have immunosuppressive activity. However, immunosuppressive agents can aggravate immunosuppression caused by COVID-19 that has an inhibiting effect on antimicrobial immunity.

Although the main treatment of the COVID-19 intoxication is focused on neutralizing the excessive inflammatory response, it is worth considering an equally significant problem of the immunosuppressive conditions including immuno-paralysis, which lead to the secondary infection. Immunosuppression develops as a result of lymphocyte apoptosis and lympho-phagocytosis by activated macrophages. It manifests as progressive lymphopenia, mainly due to the decreased Th cell numbers ([Figure 1](#pharmaceuticals-13-00166-f001){ref-type="fig"}). Th cells produce a range of regulatory cytokines including IL-2 and play a major role in linking adaptive T-cell and B-cell immunity. Therefore, the replacement cytokine-based therapy, with IL-2 stimulating lymphocyte proliferative activity, seems particularly appropriate in patients with COVID-19 during the shift from the hyper-inflammatory to the hypo-inflammatory phase. The indications for immuno-correction in these cases are a progressive decrease of relative and absolute counts of circulating lymphocytes (below 20% and 800 cells/µL, respectively). Low-dose cytokine therapy (0.5--1.0 IU pro dose IL-2), which has an immune stimulating effect, should be used for such an immune correction, as shown in the earlier studies on prevention of deep immunosuppression during treatment of sepsis and serious trauma.

Thus, when choosing a treatment strategy for the immune-mediated complications of coronavirus infection, one has to pass between Scylla and Charybdis, which will ensure not missing the point of the immune silence turning into immuno-paralysis in the fight against the "cytokine storm."
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![Immunologic damage with COVID-19 infection. Pneumocytes infected with SARS-CoV-2 are recognized and lysed by innate (NK cells) and adaptive (T cells) immune effector cells. Activated lymphocytes produce a wide range of cytokines and phagocyte recruiting chemokines, which attract macrophages and neutrophils to the infection site. Activated macrophages and neutrophils release reactive oxygen species (ROS) that damage lung tissue. Macrophages are also induced via TLR7 interaction with viral RNA. Macrophage stimulation triggers pro-inflammatory cytokine overproduction and the "cytokine storm," which results in systemic inflammatory response syndrome and multiple organ failure. Increased level of inflammation mediators leads to the apoptosis of immune effector cells, which causes lymphopenia and, subsequently, immunosuppression. Secondary bacterial infections may develop at this stage.](pharmaceuticals-13-00166-g001){#pharmaceuticals-13-00166-f001}
